Abstract Humanin (HN) and Rattin (HNr), its homologous in the rat, are peptides with cytoprotective action in several cell types such as neurons, lymphocytes and testicular germ cells. Previously, we have shown that HNr is expressed in pituitary cells and that HN inhibited the apoptotic effect of TNF-α in both normal and tumor pituitary cells. The aim of the present study was to identify signaling pathways that mediate the antiapoptotic effect of HN in anterior pituitary cells from ovariectomized rats and in GH3 cells, a somatolactotrope cell line. We assessed the role of STAT3, JNK, Akt and MAPKs as well as proteins of the Bcl-2 family, previously implicated in the antiapoptotic effect of HN. We also evaluated the participation of NF-κB in the antiapoptotic action of HN. STAT3 inhibition reversed the inhibitory effect of HN on TNF-α-induced apoptosis in normal and pituitary tumor cells, indicating that STAT3 signaling pathway mediates the antiapoptotic effect of HN on pituitary cells. Inhibition of NF-κB pathway did not affect action of HN on normal anterior pituitary cells but blocked the cytoprotective effect of HN on TNF-α-induced apoptosis of GH3 cells, suggesting that the NF-κB pathway is involved in HN action in tumor pituitary cells. HN also induced NF-κB-p65 nuclear translocation in these cells. In pituitary tumor cells, JNK and MEK inhibitors also impaired HN cytoprotective action. In addition, HN increased Bcl-2 expression and decreased Bax mitochondrial translocation. Since HN expression in GH3 cells is higher than in normal pituitary cells, we may suggest that through multiple pathways HN could be involved in pituitary tumorigenesis.
Introduction
Humanin (HN) is a 24 aminoacid peptide encoded in 16S mitochondrial DNA. HN has been detected in many cell types such as endothelial cells (Bachar et al. 2010) , germ cells (Moretti et al. 2010) , and is also detectable in plasma (Widmer et al. 2013) . Rattin, (HNr), a homologous peptide of HN in rat, is expressed in different tissues such as cerebral cortex, hippocampus, testis and heart, among others Electronic supplementary material The online version of this article (doi:10.1007/s12079-017-0388-4) contains supplementary material, which is available to authorized users. (Caricasole et al. 2002) . We have demonstrated that HNr is expressed in anterior pituitary cells, especially in lactotropes and somatotropes in the normal anterior pituitary, and also in the tumoral somatolactotrope cell line, GH3 (Gottardo et al. 2014) . The cytoprotective effects of HN and HNr have been described in different cell types including neurons (Zapala et al. 2010; Sponne et al. 2004) , pancreatic β cells (Hoang et al. 2010) , testicular germ cells, and Leydig cells (Lue et al. 2010) . We have previously shown that HN exerts an antiapoptotic effect in anterior pituitary cells from both female and male rats as well as in GH3 cells (Gottardo et al. 2014) .
HN is a secretory peptide that can bind to a membrane trimeric receptor composed of different subunits including the receptor for ciliary neurotrophic factor α (CNTFR-α), WSX-1, and glycoprotein 130 kDa (gp130), which has been involved in the neuroprotective action of HN (Hashimoto et al. 2009 ). Trimerization of the receptor induces activation of janus kinases (JAK1 and JAK2), which then subsequently activate signal transducer and activator of transcription 3 (STAT3) (Hashimoto et al. 2005) . Dimerized STATs then translocate to the nucleus and regulate transcription. Other downstream signaling pathways, such as RAS/mitogenactivated protein kinase (MAPK), c-Jun N-terminal protein kinase (JNK) and phosphoinositide 3 kinase (PI3K)/Akt can also be activated in response to signaling through the CNTFR/ WSX-1/gp130 complex (Kim et al. 2016) . Another mechanism involved in HN action is activation of formylpeptidereceptor-like 1 (FPRL-1) which induces extracellular signalregulated kinase (ERK 1/2) (Ying et al. 2004) .
HN can also exert antiapoptotic action through an intrinsic mitochondrial mechanism by modulating expression and intracellular location of proteins of the Bcl-2 family. HN analogues decrease expression of proapoptotic protein Bax while simultaneously increasing expression of antiapoptotic protein Bcl-2 . Intracellular HN can also interact with proapoptotic Bcl-2 family members such as Bax and Bid, interfering with their translocation to mitochondria and thereby inhibiting formation of the apoptosome and activation of caspase-3 (Guo et al. 2003; Zhai et al. 2005) . The mitochondria-dependent intrinsic pathway was shown to be an indispensable signaling pathway for germ cell apoptosis across species after hormonal deprivation (Jia et al. 2013) .
Since HN exerts antiapoptotic effect on rat anterior pituitary cells and GH3 cells, the aim of the present study was to evaluate mechanisms that mediate the cytoprotective action of HN in both normal and tumor pituitary cells. We assessed the role of STAT3 which has previously been involved in antiapoptotic effects of HN in other tissues. Also, considering that NF-κB and STAT3 cooperatively regulate antiapoptotic genes and that NF-κB and STAT3 physically interact and reciprocally modulate their transcriptional activity, we also evaluated the participation of NF-κB in the antiapoptotic action of HN. We also determined the participation of JNK, Akt and MAPKs as well as proteins of the Bcl-2 family in the cytoprotective effect of HN on pituitary tumor cells. Our results indicate that the antiapoptotic effect of HN was mediated by the STAT3 pathway in both normal and tumor pituitary cells. However, NF-κB pathway was involved in the antiapoptotic action of HN only in GH3 cells, but not in normal anterior pituitary cells. In pituitary tumor cells, JNK and MEK inhibitors also impaired HN cytoprotective action. In addition, HN increased Bcl-2 expression and decreased Bax mitochondrial translocation in GH3 cells.
Materials and methods

Drugs
All drugs and reagents were obtained from Sigma Aldrich. (St. Louis, MO) except for phenol red-free Dulbecco's modified Eagle's medium and supplements (D-MEM; GIBCO, Invitrogen, Carlsbad, CA), Fetal bovine serum (Natocor, Buenos Aires, Argentina), all terminal deoxynucleotidyltransferase-mediated dUTP nick endl a b e l i n g ( T U N E L ) r e a g e nts (Roc he M ole cul ar Biochemicals, Mannheim, Germany), anti-rabbit IgG and anti-rabbit fluorescein-conjugated secondary antibody (Vector Laboratories Inc., Burlingame, CA), Humanin peptide (Genemed Synthesis, Inc., San Antonio, TX), JSI-214 (Sigma Aldrich), BAY 11-7082 (Enzo Life Sciences International, Plymouth Meeting, PA), SP600125 (Calbiochem, Nottingham, UK), Ro106-9920 (Tocris Bioscience, Minneapolis, MN), SB203580, LY294002 and PD98059 (Cell Signaling Technology Inc., Beverly, MA) and the materials indicated below.
Animals
Adult female Wistar rats (200-250 g) were kept in controlled conditions of light (12:12 h light-dark cycles) and temperature (20-25°C). Rats were fed standard laboratory chow and water ad libitum and kept in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animal protocols were previously approved by the Ethics Committee of the School of Medicine, University of Buenos Aires (Res. N°2742/2013). The rats were ovariectomized (OVX) two weeks before experiments under ketamine (100 mg/Kg, i.p.) and xylazine (10 mg/Kg, i.p.) anesthesia and ketoprofen (5 mg/kg) analgesia. Anterior pituitary glands were removed within minutes after decapitation.
Cell culture
A pool of anterior pituitary cells from 2 to 4 OVX rats were used for each culture. Anterior pituitary glands were washed several times with Dulbecco's Modified Eagle's Medium supplemented with 10 μl/ml MEM amino acids, 2 mM glutamine, 5.6 μg/ml amphotericin B, 100 U/ml penicillin, 100 μg/ml streptomycin (DMEM-S) and 3 mg/ml bovine serum albumin (BSA). Then, the glands were cut into small fragments. Sliced fragments were dispersed enzymatically by successive incubations in DMEM-S-BSA, containing 0.75% trypsin, 10% fetal bovine serum (FBS) previously treated with 0.025% dextran-0.25% charcoal (FBS-DCC) ) for Western Blot. Cells were cultured for 24 h in DMEM-S with 10% FBS-DCC and then incubated for 24 h in phenol red-free, serum-free DMEM-S supplemented with 0.1% BSA (DMEM-S-BSA 0.1%) with 17β-estradiol (E 2 , 10 −9 M), for anterior pituitary cells from OVX rats, or without E 2 for GH3 cells. Cells were preincubated with inhibitors of STAT3 (JSI-124, 1 μM), NF-κB (BAY-11 7082, 2.5 μM or Ro106-9920, 2.5 μM), JNK (SP600125, 5 μM), Akt (LY29402, 10 μM), MEK (PD98059, 10 μM) or p38 (SB203580, 10 μM) for 30 min, and then HN (0.5 μM) was added for 2 h and TNF-α (50 ng/ ml) for a further 24 h in the same medium. Dose/response curves of the inhibitors used for the selection of noncytotoxic doses are shown in Supplemental Fig. 1 . In some experiments, GH3 cells were transiently transfected with a expression vector for the superrepressor IκB (ssIκB) kindly provided by Dr. M.A.Costas, Instituto Lanari, Universidad de Buenos Aires. The ssIκB expression vector (carrying the mutated IκB at Ser32 and Ser36 to prevent phosphorylation and proteolysis, keeping NF-κB inactive) was previously reported (Rubio et al. 2006; Alvarado et al. 2014 ). Cells were transiently transfected with a total of 1 μg of DNA for 16 h using Lipofectamine 2000 (Gibco) and then HN (0.5 μM) was added for 2 h and TNF-α (50 ng/ml) for a further 24 h. ssIκB reduced phospho-p65 NF-κB expression in GH3 cells (Supplemental Fig. 2 ).
Expression of Rattin (HNr) by flow cytometry and immunofluorescence
Cultured cells from anterior pituitary glands or GH3 cells were harvested with 0.025% trypsin-EDTA and washed in cold PBS. Cells were fixed with PFA 0.01% and then permeabilized with 0.1% saponin (MP Biomedicals, Inc., Solon, OH) for 10 min. Next, cells were incubated with anti-HNr antibody (1 μg/μl, Sigma Aldrich) in PBS for 1 h at 37°C. Finally, cells were incubated with anti-rabbit antibody conjugated with FITC (1:50) in PBS for 1 h at 37°C. The cells were washed, resuspended in PBS and analyzed by flow cytometry using a FACScan (Becton Dickinson). Data analysis was done with WinMDI 98 software. Cells were incubated with isotype control instead of primary antibody to determine the cut-off for HNr fluorescence. The presence of HNr in anterior pituitary cells and GH3 cells was also evaluated by indirect immunofluorescent staining. Cells were incubated with anti-HNr antibody (Sigma, 1:100) for 1 h, washed, and incubated with anti-rabbit IgG antibody conjugated with fluorescein (1:50) for 1 h. Finally, slides were mounted with Vectashield (Vector Laboratories) containing 4,6-diamidino-2-phenylindoledihydrochloride (DAPI) for DNA staining and visualized in a fluorescent light microscope (Axiophot; Carl Zeiss, Jena, Germany). Control slides were incubated with control isotype instead of primary antibody.
Expression of NF-κB by immunofluorescence
To identify NF-κB/p65 in anterior pituitary cells and GH3 cells, cells were permeabilized with methanol for 15 min at −20°C and incubated for 1 h with PBS and goat serum (10%). Then, cells were incubated for 1 h with anti-p-NF-κB/p65 antibody (Santa Cruz Biotechnology, 1:50), washed, and incubated for 1 h with anti-rabbit IgG fluorescein-conjugated antibody (Vector, 1:50). Finally, slides were mounted and visualized in a fluorescent light microscope. Control slides were incubated with control isotype instead of primary antibody. Images were captured using a fluorescence microscope. Phospho-p65 NF-κB immunoreactivity was quantified as pixels using Image J Software (NIH, USA) and shown as fluorescence intensity. Immunoreactive nuclei were counted on every image and the number of immunoreactive nuclei was averaged for each condition.
Microscopic detection of DNA fragmentation by TUNEL
Cultured cells were fixed with PFA 4% and permeabilized by microwave irradiation. DNA strand breaks were labelled with digoxigenin-deoxyuridine triphosphate using terminal deoxynucleotidyl transferase (0.18 U/μl) according to the manufacturer's protocol. After incubation with 10% donkey serum in PBS for 90 min, cells were incubated for 1 h with fluorescein conjugated anti-digoxygenin antibody (1:10) to detect incorporation of nucleotides into the 3′-OH end of damaged DNA. Then, slides were mounted with mounting medium for fluorescence (Vectashield with DAPI) and visualized in a fluorescent light microscope. The percentage of apoptotic cells was calculated as [(TUNEL+)/total cells] × 100.
Western blot
Total proteins from GH3 cells were extracted in lysis buffer containing 250 mM NaCl, 5 mM MgCl 2 , 50 mM NaF, 1 mM dithiothreitol (DTT), 1% Igepal, 0.02% sodium azide, 0.1% sodium dodecyl sulphate (SDS) in 50 mM Tris-HCl pH 7.4 and protease inhibitor cocktail (1:100). Following centrifugation, the supernatant was used for immunoblot assay.
For isolation of mitochondria, cells were washed with PBS, harvested with 0.075% trypsin and centrifuged at 5000 g for 5 min. The pellet was resuspended in lysis buffer (10 mM Hepes pH 7.4, 250 mM Sucrose, 1 mM EGTA, 1 mM DTT and protease inhibitor cocktail) and centrifuged at 1500 g for 10 min. The supernatant was centrifuged at 10000 g for 10 min. The mitochondrial pellet was washed and resuspended in 10 μl of buffer solution. The purity of mitochondrial fraction is shown in Supplemental Fig. 3 .
Protein concentration of each sample was determined by Bradford assay (BioRad Laboratories, Hercules, CA). Thirty μg of proteins were size-fractionated in 12% SDS-polyacrylamide gel, then electrotransferred to polyvinyl difluoride (PVDF) membranes. Blots were blocked for 90 min in 5% non-fat dry milk-TBS-0.1% Tween 20 and incubated overnight with anti-Bax (1:20, BD Biosciences, San Jose, CA) or anti-Bcl-2 (1:30, Santa Cruz Biotechnology), and anti-β-actin (1:500, Santa Cruz Biotechnology) or Complex III subunit 2 antibody (1:1000 Anti-UQCRC2, Abcam, Cambridge, MA) in the same buffer at 4°C. This was followed by 1 h incubation with the corresponding HRP-conjugated anti-mouse or anti-rabbit secondary antibody (1:1000, Millipore, Temecula, CA). Immunoreactivity was detected by enhanced chemiluminescence (Productos Bio-Lógicos, Buenos Aires, Argentina). Chemiluminescence was detected by chemiluminescence imaging system (G Box Chemi HR16, Syngene, Cambridge, U.K.) and bands were quantified using Gene Tools software (Syngene). Intensity data from Bax and Bcl-2 in total proteins were normalized with respect to the corresponding β-actin blot and expressed as relative increments compared to respective controls. Bax intensity data in mitochondrial fraction was normalized with respect to the corresponding complex III subunit 2 and expressed as the relative increment of the ratio of mitochondrial/total (mitochondrial + non mitochondrial fractions) compared to respective controls.
Statistical analysis
Differences in the percentage of HNr-positive cells and the mean of HNr fluorescence intensity per cell (Gmean) between groups were analyzed by Student's t test. The number of apoptotic cells evaluated by TUNEL in slides from three independent experiments was expressed as percentage of TUNEL positive cells ± 95% confidence limits (CL) of the total number of cells counted in each specific condition and analyzed by χ2 test. Phospho-p65 NF-κB fluorescence intensity data and Western blot data were expressed as mean ± SE and evaluated by two-way ANOVA, followed by Tukey's test. Nuclear phospho-p65 NF-κB was expressed as percentage of immunoreactive nuclei ± 95% CL of the total number of cells counted in each specific condition and analyzed by χ2 test. p < 0.05 was considered significant. All experiments were performed at least three times.
Results
HNr expression in anterior pituitary cells from female rats was lower than in GH3 cells
We previously reported that HNr is expressed in both anterior pituitary cells from female rats and in GH3 cells, a somatolactotrope tumor cell line (Gottardo et al. 2014 ). Since HN upregulation was suggested to be an important molecular event in tumor development (Cohen 2014) , we compared HNr expression in normal and tumor pituitary cells. We determined HNr expression in cultured anterior pituitary cells from female rats and GH3 cells by FACS. The percentage of GH3 cells expressing HNr was higher than in normal anterior pituitary cells (Fig. 1) , suggesting that HNr could play a role in tumor pituitary cell behavior.
HN protected normal and tumor pituitary cells from TNF-α-induced apoptosis through activation of STAT3
After binding to its specific receptor, HN was reported to exert its cytoprotective effect through activation of STAT3, JNK, and tyrosine kinases (Kim et al. 2016; Hashimoto et al. 2001) . We previously showed that HN 0.5 μM, a concentration having no cytoprotective effect per se, inhibited the proapoptotic effect of TNF-α in anterior pituitary cells from ovariectomized (OVX) rats and GH3 cells (Gottardo et al. 2014 ). Since we reported that TNF-α induces apoptosis of anterior pituitary cells in an estrogen-dependent manner (Candolfi et al. 2002; Candolfi et al. 2005 ) but estrogens are not necessary to sensitize GH3 cells to TNF-α proapoptotic effect (Eijo et al. 2015) , normal pituitary cells were incubated with 17β-estradiol (E 2 , 10 −9 M) in all the following experiments. In order to study mechanisms involved in HN action in the pituitary, we investigated the effect of HN (0.5 μM) on TNF-α-induced apoptosis in anterior pituitary cells from OVX rats and GH3 cells incubated in absence or presence of a STAT3 inhibitor (JSI-124, 1 μM). The percentage of apoptotic cells was determined by TUNEL assay. As expected, HN reduced TNF-α-induced apoptosis in anterior pituitary cells (Fig. 2a ) and GH3 cells (Fig. 2b) . However, when the STAT3 pathway was inhibited, no antiapoptotic action of HN was observed either in anterior pituitary cells or in GH3 cells, suggesting that HN protects both normal and tumor pituitary cells from TNF-α-induced apoptosis through STAT3 activation. 
NF-κB pathway participated in cytoprotective action of HN in pituitary tumor cells but not in normal pituitary cells
NF-κB is a pleiotropic transcription factor involved in the survival of normal and tumor cells (Vender et al. 2008; Karin and Ben-Neriah 2000; Hayden and Ghosh 2004) . Thus, we aimed to evaluate the role of NF-κB pathway in the antiapoptotic action of HN in pituitary cells. We assessed the effect of HN on TNF-α-induced apoptosis of anterior pituitary cells from OVX rats and GH3 cells incubated in presence of BAY 11-7082 (BAY, 2.5 μM), an inhibitor of the NF-κB pathway. Although BAY inhibited TNF-α-induced expression of phospho-p65 NF-κB (Supplemental Fig. 4) , inhibition of the NF-κB pathway did not affect the cytoprotective action of HN in anterior pituitary cells (Fig. 3a) . In contrast, HN failed to protect GH3 cells from TNF-α-induced apoptosis when the NF-κB pathway was inhibited (Fig. 3b) . Similarly, inhibition of NF-κB pathway with Ro 106-9920 (Ro, 2.5 μM) completely blocked the cytoprotective action of HN only in GH3 cells, but not in normal anterior pituitary cells (Fig. 3c, d) . In order to confirm the functional role of NF-κB in the cytoprotective effect of HN, GH3 cells were transiently transfected with superrepressor IκB (ssIκB) that is not susceptible to phosphorylation and proteolysis upon TNF-α stimulation and hence, constitutively suppresses NF-κB activation (Rubio et al. 2006; Alvarado et al. 2014) . Expression of ssIκB inhibited the antiapoptotic effect of HN on TNF-α-induced apoptosis (Fig. 4a) .
In the classical NF-κB pathway, NF-κB/p65 can translocate to the nucleus, thereby regulating gene transcription through binding to specific κB response elements (Hayden and Ghosh 2004; Hinz and Scheidereit 2014) . To evaluate whether HN is involved in NF-κB nuclear translocation, we examined by immunocytochemistry the expression and location of phosphorylated p65 subunit of NF-κB in GH3 cells incubated in the presence of TNF-α and HN. TNF-α increased expression of phospho p65 NF-κB in GH3 cells (Fig. 5a, c) . HN per se did not affect phospho-p65 NF-κB expression but blocked TNF-α-induced NF-κB upregulation. HN increased nuclear translocation of phospho-p65 NF-κB in both control and TNF-α treated cells (Fig. 5b) . These results suggest that HN could protect GH3 cells from TNF-α-induced apoptosis through activation of NF-κB pathway by promoting nuclear translocation of phosphorylated p65 NF-κB.
HN protected GH3 cells from TNF-α-induced apoptosis through JNK and MEK activation
Since JNK, Akt, MEK, and p38 pathways were reported to mediate HN cytoprotective action in several cell types (Zapala et al. 2010; Hashimoto et al. 2001; Xu et al. 2008) , we also evaluated whether these kinases are involved in antiapoptotic action of HN in GH3 cells. For this purpose, we determined the effect of HN on TNF-α-induced apoptosis in GH3 cells incubated in presence of specific inhibitors of JNK (SP600125, 5 μM), Akt (LY294002, 10 μM), MEK (PD98059, 10 μM) or p38 (SB203580, 10 μM). HN was unable to inhibit TNF-α-induced apoptosis of GH3 cells (Fig. 6a) or MEK (Fig. 6b) , suggesting that these pathways could be involved in the effect of HN on apoptosis in tumor cells. Akt inhibition per se reduced TNF-α-induced apoptosis but failed to modify the antiapoptotic effect of HN (Fig. 6c) , suggesting that PI3K/ Akt pathway is not involved in the cytoprotective action of HN on TNF-α-induced apoptosis in GH3 cells. Also, p38 inhibition did not affect the cytoprotective effect of HN in GH3 cells, suggesting that antiapoptotic action of HN is not dependent on the p38 pathway in these cells (Fig. 6d) .
The intrinsic pathway was involved in the antiapoptotic effect of HN in pituitary tumor cells
In order to investigate involvement of the intrinsic apoptotic pathway in the action of HN in the pituitary, we determined the effect of HN on expression of antiapoptotic protein Bcl-2 and proapoptotic protein Bax in GH3 cells incubated with or without TNF-α. As determined by Western blot, TNF-α did not significantly modify Bcl-2 or Bax expression (Fig. 7a, b) . HN increased Bcl-2 expression in GH3 cells incubated either with or without TNF-α (Fig. 7a) . Although HN did not modify Bax expression (Fig. 7b) , it significantly decreased the Bax/Bcl-2 ratio in GH3 cells incubated in either presence or absence of TNF-α (Fig. 7c) .
Since HN can interact with Bax in the cytoplasm and prevent its translocation to mitochondria (Guo et al. 2003) , we evaluated Bax expression in isolated mitochondrial fractions of GH3 cells incubated with or without TNF-α. TNF-α stimulated Bax mitochondrial translocation, and HN inhibited both basal and TNF-α-induced Bax mitochondrial translocation (Fig. 7d) , suggesting that blockage of Bax translocation 
Discussion
We have previously shown that HNr is present in the anterior pituitary gland where it exerts antiapoptotic action, suggesting that this peptide could be involved in tissue homeostasis of this gland. We also reported that HNr is expressed in the somatolactotrope GH3 cell line and protects these pituitary tumor cells from TNF-α-induced apoptosis (Gottardo et al. 2014) . One extracellular receptor of HN is the trimeric receptor complex composed of CNTFR, WSX-1 and gp130 which activates JAK2-STAT3 signaling pathway (Hashimoto et al. 2009 ). It was reported that HN activates gp130 and downstream signaling cascade of STAT3, inducing STAT3 phosphorylation (Hashimoto et al. 2005; Kim et al. 2016) . The participation of this pathway in cytoprotective action of HN was demonstrated in several tissues. In the present study, we observed that HN effect on TNF-α-induced apoptosis in both normal and tumor pituitary cells was blocked by STAT3 inhibition, supporting the idea that STAT3 signaling pathway is an important mechanism for the antiapoptotic effect of HN on pituitary cells. STAT3 regulates a number of important mechanisms involved in tumorigenesis: it is involved in processes of tumor invasion and metastasis as well as evasion of the immune system (Grandis et al. 2000; Wang et al. 2004 ). STAT3 binding sites were found in promoters of genes whose products are related to cell cycle progression, apoptosis (c-fos, c-Myc, cyclin D1) (Bromberg et al. 1999) , and angiogenesis (Vascular Endothelial Growth Factor) (Niu et al. 2002) . Constitutive activation of STAT3 has been observed in cancer of several organs such as prostate, pancreas, brain, and ovary. In the anterior pituitary gland, STAT3 mediates gp130-controlled proliferation of corticotropes (Melmed 2015) . Also, increased STAT3 expression was observed in human somatotrope adenomas (Zhou et al. 2015) . Moreover, inhibition of STAT3 was reported to reduce GH3 cell proliferation and growth of xenografted GH3 cell tumors (Melmed 2015) . Considering that HNr expression in GH3 cells is higher than in normal pituitary cells, it is possible to suggest that HN could be involved in constitutive activation of STAT3 in pituitary tumors, contributing to their growth and progression.
The NF-κB proteins are a family of transcription factors that not only mediate immune and inflammatory responses but were also shown to be involved in tumor development (Suh et al. 2002; Wang et al. 1999) . Activation of NF-κB is associated with increased cell cycle progression, cell migration and invasion (Shishodia et al. 2005) , and also with decreased cell apoptosis (Dutta et al. 2006) . NF-κB is inactivated in the cytoplasm through its binding to IκB inhibitory proteins. Several stimuli promote dissociation of cytosolic inactive NF-κB/IκB complexes via IKK activation, which results in phosphorylation and degradation of IκB, followed by translocation of NF-κB p50:p65 dimers into the nucleus and binding to DNA. Specifically, NF-κB blocks apoptosis by stimulating expression of antiapoptotic genes, as well as suppressing apoptosis-inducing genes (Du et al. 2007 ). Interaction between STAT3 and NF-κB was postulated to play a crucial role in colon, gastric, and liver cancers (Fan and Yang 2013) . NF-κB and STAT3 cooperatively regulate a number of target genes including antiapoptotic as well as cell cycle control genes. NF-κB was shown to interact physically with STAT3, facilitating NF-κB recruitment to STAT3 promoters and, reciprocally, STAT3 to those of NF-κB. In addition, increased constitutive activity of NF-κB stimulates the release of cytokines such as IL-6 which activate STAT3. In many tumor cell lines, including the somatolactotrope GH3 cell line, the NF-κB pathway is constitutively activated (Vender et al. 2008; Kojima et al. 2004; Nair et al. 2003) . We previously reported that pharmacological inhibition of the NF-κB pathway with BAY 11-7082, a synthetic compound that irreversibly inhibits phosphorylation of IκB, thereby preventing its ubiquitination and subsequent proteasomal degradation (Gasparian et al. 2009 ), increased apoptosis in anterior pituitary cells and GH3 cells, suggesting that NF-κB acts as an important survival factor for these cells (Eijo et al. 2015) . Our present data show that inhibition of the NF-κB pathway with either BAY or Ro, an inhibitor of TNF-α-induced IκB degradation and NF-κB activation (Swinney et al. 2002) , did not affect the cytoprotective action of HN in normal anterior pituitary cells, suggesting that NF-κB does not participate in the antiapoptotic effect of HN in these cells. However, both BAY and Ro blocked the cytoprotective effect of HN on TNF-α-induced apoptosis of GH3 cells. Moreover, the superrepressor IκB, which prevents IκB phosphorylation and proteolysis, keeping NF-κB inactive (Rubio et al. 2006; Alvarado et al. 2014; Werbajh et al. 2000) , inhibited the cytoprotective action of HN on TNF-α-induced apoptosis of GH3 cells, confirming that the NF-κB pathway is involved in antiapoptotic action of HN in pituitary tumor cells. Furthermore, HN induced NF-κB-p65 nuclear translocation in GH3 cells and reduced TNF-α-induced expression of NF-κB-p65, suggesting that HN could act by increasing nuclear translocation of NF-κB in pituitary tumor cells.
HN was also proposed to act through activation of kinases such as JNK, Akt, MEK and p38 (Hashimoto et al. 2005; Kim et al. 2016) . In this study, we observed that JNK or MEK inhibitors decreased the antiapoptotic effect of HN on TNF-α-induced apoptosis of GH3 cells, suggesting that these kinases could be involved in this effect of HN. We previously reported that inhibition of JNK pathway increased apoptotic response to TNF-α in GH3 only when the NF-κB pathway was also blocked, suggesting that JNK pathway may be involved in survival of pituitary tumor cells (Eijo et al. 2015) .
Considering that TNF-α can activate JNK signaling, our results suggest that HN could protect GH3 cells from TNF-α-induced apoptosis through NF-κB-mediated JNK activation. Neither Akt nor p38 seem to be required for the cytoprotective action of HN on TNF-α-induced apoptosis of GH3 cells.
It has also been demonstrated that HN can modulate expression and intracellular location of Bcl-2 family proteins Guo et al. 2003) . Our results show that HN did not modify Bax expression in pituitary tumor cells. However, HN increased expression of Bcl-2, resulting in a decrease in the Bax/Bcl-2 ratio, a good index of antiapoptotic cell behavior. HN was also reported to interact with proapoptotic Bcl-2 family members such as Bax and tBid, preventing their translocation to mitochondria Guo et al. 2003; Jia et al. 2013) . We observed that TNF-α increased Bax translocation to mitochondria, and HN inhibited basal and TNF-α induced Bax translocation, suggesting that HN may interact with Bax in the cytoplasm as has been shown in other tissues (Guo et al. 2003; Jia et al. 2013) .
Since HN was reported to be overexpressed in gastric cancer cells and considering that HN has antiapoptotic activity in these cells (Mottaghi-Dastjerdi et al. 2014) , it was suggested that HN upregulation could be an important molecular event in tumorigenesis. In fact, GH3 cells seem to have higher expression of HNr than normal anterior pituitary cells, suggesting that HN expression is altered in tumor cells and could participate in the pathogenesis of pituitary tumors. Although HN was shown to have antitumor effect in some models (Eriksson et al. 2014; Lue et al. 2015) we have observed that HN increases the resistance of breast cancer cells to chemoteraphy (Gottardo et al. 2016) , putting into question the validity of using HN analogs for cancer treatment.
In conclusion, our results show that the mechanism of action by which HN inhibits TNF-α-induced apoptosis in normal and tumor anterior pituitary cells is complex, involving multiple pathways, including STAT3 activation (Fig. 8) . It is noteworthy that NF-κB pathway is involved in antiapoptotic action of HN in pituitary tumor cells but not in normal pituitary cells, and thus this pathway could enhance survival of tumor cells. In pituitary tumor cells, HN also exerts antiapoptotic effect by increasing Bcl-2 expression and decreasing Bax translocation to mitochondria. These results could help to design therapies using inhibition of HN as a potential strategy for alternative treatment of pituitary tumors.
